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Abstract. Photoionization cross sections, oscillator strengths and energy levels of the silicon-like ions, 
Si
0
, S
2+
, Ar
4
 and Ca
6+
 are calculated in the close coupling approximation using the R-matrix method. A 
large number of bound states with n ≤ 10 have been considered and oscillator strengths for transitions 
among all these states and photoionization cross sections of all the bound states are obtained. Partial 
photoionization cross sections of the ground state into various excited states of the residual ion are also 
obtained for each ion. Detailed comparisons have been made for the calculated energies, oscillator 
strengths and photoionization cross sections with available theoretical and experimental values. Whereas 
we find good agreement for the oscillator strengths with recent experimental data for Si
0
 and S
2+
, there 
are very few previous data available for Ar
4+
 and Ca
6+
.The ground-state photoionization cross sections 
for Si
0
 agree well with the previous close coupling calculations, however the present R-matrix results 
show considerable differences from the background cross sections for Si
0
, S
2+
 and Ar
4+
 in the central 
field approximations. 
 
1. Introduction 
 
A description of the aim of the Opacity Project (OP) and the calculations of accurate atomic 
radiative data in the close coupling (cc) approximation using the R-matrix method is given by 
Seaton (1987) and Berrington et al (1987) in the atomic data for opacity calculations (ADOC) 
series. The radiative data include energy levels, oscillator strengths and photoionization cross 
sections for nearly all astrophysically abundant atoms and ions ions that contribute to stellar 
opacities. Several of these results have been reported in previous papers in the ADOC series. 
With a few exceptions for heavy atomic systems that are treated individually, the ADOC 
calculations are usually carried out along isoelectronic sequences since the primary characteristics 
of the atomic eigenfunction expansions, and corresponding computations, remain the same along 
the sequence so long as relativistic effects are not considered. States belonging to the ground 
complex of configurations are usually retained in the CC expansion. While this criterion serves 
well for sequences that are isoelectronic with the second row of elements of the periodic table, and 
enables the same set of eigenstates to be employed in the CC calculations for all ions in a given 
sequence, it is found that for the third row sequences the situation is more complicated and 
different eigenfunction expansions need to be employed for different ions. In the present work we 
present the first results for a third row sequence. Details are discussed in section 3. 
Relatively sparse calculations have previously been reported for some Si-sequence ions, 
such as the ground state photoionization cross sections of Si
0
 (Mendoza and Zeippen 1988), dipole 
oscillator strengths for a small number of strong transitions in Si
0
 (Mendoza and Zeippen 1988) 
and S
2+
 (Ho and Henry 1987), and a number of fine structure transitions in Ar
6+
 (Biemont 1986). 
The present calculations are comprehensive; they include all bound states with n ≤ 10 and l ≤ 5, 
and amount to a few hundred excited states for each atom and ion. Photoionization cross sections 
for all bound states, and dipole oscillator strengths in length and velocity formulations for all 
transitions, have been calculated. In the present paper we describe the computations and some of 
the important results and associated features. Detailed comparisons are made with available 
experimental and theoretical data. 
 
2. Theoretical framework 
 
In analogy with collisional work where the N-electron ‘target’ ion is represented by a coupled 
eigenfunction expansion in terms of the included target states, in the radiative work we similarly 
represent the ‘core’ ion or the ‘residual’ ion, as in the case of photoionization. The total (e + ion) 
system is then expanded in terms of the N-electron target wavefunctions given by 
 
 
 
Where χi(r
-1
) are the target states 
 
 
 
x = r 
-1 
represents all the coordinates of the N-electron system that do not include r, and θi, are the 
free electron wavefunctions with a radial part Fi(r). A denotes the antisymmetrization operator. 
The second sum consists of square-integrable correlation type function Φj, that have the form of 
bound states of the (N + 1) electron system, with variational parameters cj. The second sum 
represents the constraint on Fi(r) requiring its orthogonality to the target orbitals of the same 
symmetry, and may also include the short range correlation effects. I is the number of target states 
which corresponds to the number of ‘free’ channels and J is the number of ‘bound’ channels in the 
cc expansion of the (N + l) - electron wavefunction Ψ for a given symmetry SLπ at total energy E. 
The bound- and continuum-state wavefunctions can be obtained for E < 0 and E ≥ 0 
employing the R-matrix method as explained by Berrington et al (1987). With the bound and the 
continuum (e + ion) states thus given by equation (1), we may obtain both the bound-bound 
radiative transition probabilities, or the oscillator strengths, as 
 
 
 
and the bound-free photoionization cross sections as 
 
 
 where ΔE = Eb - Ea  is the energy difference, in Rydbergs, between states b and a, Eω is the photon 
energy, and ga is the statistical weight factor of the initial state. S(b, a) is the line strength given by 
 
 
 
where D is the dipole operator. More complete theoretical details are given by Seaton (1987) and 
Yu and Seaton (1987). 
 
3. Computations 
 
3.1. Target states: energies and oscillator strengths 
 
The target states considered for each ion of the Si sequence are given in table 1. The N-electron 
basis set is represented by an eight-state expansion for Si
+
, 16-state for S
3+
, thirteen-state for Ar
5+
 
and eighteen-state for Ca
7+
. The wavefunction expansions of Si
+
 and S
3+
 include some states 
dominated by the n = 4 complex, but for Ar
5+
 and Ca
7+
 only the states from the n = 3 complex are 
included as the n = 4 states are energetically too high to be of interest. An updated version of the 
SUPERSTRUCTURE program (Eissner et al 1974) is used to generate the target orbitals that are 
optimized with configuration interaction (CI) type target state wavefunctions. The CI target 
expansion consists of two sets of configurations: spectroscopic configurations that dominate the 
included target states and correlation configurations that are included for CI only, and not in the 
eigenfunction expansion. One important criterion in determination of the CI expansion for the 
target states is to optimize the expansion so as to avoid pesudoresonances in photoionization cross 
sections, SUPERSTRUCTURE employs a scaled Thomas-Fermi-Dirac potential to obtain the 
one-electron orbital; the scaling parameter λ and the spectroscopic and correlation configurations 
for each ion are listed in table1. 
Comparison is made in table 1 of the calculated and observed target energies relative to the 
ground state 3s
2
3p(
2
P
o
) energy. The present calculated energies compare well with the observed 
energies; the largest difference is less than 6% for all the ions. 
A more sensitive indicator of the accuracy of the target state wavefunctions is in the 
oscillator strengths, or ƒ-values, for dipole allowed transitions within the target. The ƒ-values are 
presented and compared with available observed and calculated values in table 2. We compare the 
present calculated ƒ-values in the length from. Comparison of Si+ oscillator strengths shows that, 
except for the transitions 3s
2
3p 
2
P
o
-3s3p
2
(
2
D, 
2
S), the present ƒL values are within 5% of very 
accurate calculated values of Luo et al (1988), who employed a large CI expansion in their 
calculations optimized for a few selected transitions. The agreement with the experimentally 
measured values is also found to be good. 
For the target ions S
3+
, Ar
5+
and Ca
7+
 we compare with the most accurate previous 
theoretical values, which are from the OP calculations for the Al-sequence ions (Mendoza et al 
1992). In the case of S
3+
, present ƒL values are within 8% of the OP values by Mendoza et al. Both 
the present and the Mendoza et al values agree reasonably well with the experimental values. 
Similarly for Ar
5+
 the present values and the Mendoza et al values agree well (except for the 
transition 3s3p
2 4
P-3p3d
4
P
o
), and both agree better with the measured values of Livingston et al 
(1976) than with those of Morton (1978). Oscillator strengths of Ca
7+
 in the present work and that 
of Mendoza et al differ by less than 8%, except for the transitions 3s
2
3p 
2
P
o
-3s3p
2
 
2
D and 3s3p
2
 
4
P-3p3d 
4
D
o
. In general we find that the target data for the ions considered, energies and oscillator 
strengths, compare reasonably well with previously available data, usually 
 
Table 1. Target states (eight for Si
+
, 16 for S
3+
, 13 for Ar
5+
 and 18 for Ca
7+
) for the CC 
expansions and comparison of their calculated energy values (cal.) with the observed 
ones (obs). The observed energies are from Martin and Zalubas (1983) for Si
+
, Martin 
et al (1990) for S
3+
, Kelly (1987) for Ar
5+
 and Sugar and Corliss (1985) for Ca
7+.
 The 
spectroscopic and correlation configurations in the eigenfunction expansion of these 
target ions and the values of scaling parameter A in Thomas-Fermi potential are given 
below. A bar on an orbital represents correlation orbital. 
 
 
 
  
 
Table 2. Oscillator strengths of the target ions Si
+
, S
3+
, Ar
5t
, and Ca
6+,ƒL corresponds to calculated 
oscillator strengths and ‘expt’ to measured values, LPS, LUO et al (1988). 
 
 
 
  
to within 5-10%, sufficient to ensure accurate eigenfunctions for the cc calculations for the (e + 
ion) system (described in the following section). 
 
3.2. (N+ l)-electron system 
 
The R-matrix package of codes employed for the (N + 1) electron system is described by 
Berrington et al (1987). The one-electron target basis set, optimized with SUPERSTRUCTURE, is 
used to construct target state wavefunctions. The radiative calculations consider free electron 
angular momenta up to l ≤ 5 which when coupled with the target states StLtπt listed in table 1, yield 
a large number of bound (e + ion) symmetries SLπ=1,3,5(S,P,D,F,G,H,I)e,o below the first ionization 
threshold as given in table 3. 
 
Table 3. Total number of(StLtπt)nl bound symmetries (NSLπ) bound states (Nbnd)and the range of 
each bound spin multiplet with n ≤ 10, l ≤ 5for the Si-like ions; Nf is the number of oscillator 
strengths for each ion, and σa (Mb) is the threshold photoionization cross section of each ion. 
 
 
 
The diagonalization of the Hamiltonian matrix is carried out for each SLπ independently and the 
bound states of the (e + ion) system correspond to negative eigenvalues. These are then assigned 
spectroscopic level identifications, in terms of the dominant configuration, primarily by analysing 
quantum defects along Rydberg series for the various angular momenta. A number of positive 
eigenvalues are also obtained on Hamiltonian diagonalization. These correspond to bound states 
that lie above the ionization limit but are forbidden to autoionize in pure LS coupling, The positive 
eigenvalue states are not considered in radiative calculations. Dipole oscillator strengths are 
computed for all transitions between the negative eigenvalue states allowed by the selection rules. 
For photoionization calculations, the free electron wavefunctions are obtained at a fine 
mesh of positive energies. Autoionizing resonance structures in the photoionization cross sections 
are delineated at a mesh in effective quantum number v, rather than the energy, since the resonance 
patterns are repeated when v is incremented by unity. Thus a v-mesh with a constant Δv ensures a 
fixed number of points in each interval (v, v + 1) even as the resonances get narrower in terms of 
energy with increasing v. In most of the OP work, resonances have been resolved up to an effective 
quantum number v= vmax = 10.0, using Δv=0.01 (i.e. 100 points in each interval of 1.0 in v). The 
small energy region below an excited target threshold, corresponding to 10.0 ≤ v ≤ ∞ contains 
closely spaced narrow resonances which are averaged over using the Gailitis averaging procedure 
described by Yu and Seaton (1987). If more than one of the target states lie close to each other such 
that they have overlapping Gailitis averaging regions, the states are treated as degenerate.   
  
For example, 3p
3
 
2
D
o
 and 
4
S
o
 states of Ca
7+
 lie very close to each other (table 1) and hence are 
treated as degenerate in the photoionization calculation for Ca
6+
. 
 
 
4. Results 
 
4.1. Energy levels 
 
Almost all the bound states in LS coupling of Si
0
Si
2+
, Ar
4+
 and Ca
6t
 with n ≤ 10 are obtained and 
identified. Table 3 shows the number of pure bound states (Nbnd) with n ≤ 10 and l ≤ 5 and 
corresponding SLπS for the four ions. The number of bound states increases as the ion charge 
increases, Nbnd being 218 for neutral Si
0
 going up to 497 for Ca
6+
. 
Calculated energies are compared with available observed energies in table 4. With very 
few exceptions the agreement of the present calculated energy values with the observed values is 
very good in general for all the four ions, usually within 1%. The exceptions, from among the large 
number of bound states, are: the 3s3p
3
 
5
S
o
 state of Si
0
 (6%) and a few highly excited states, for 
example, 3p8s 
1
P
o
, 3p9s P
o
 and 3p9d 
3
F
o
 that show larger discrepancies. For S
2+
, the calculated 
energies are within 3% of the observed energies. For calculated A
4+
 energies the largest difference 
is 2.1% for 3p3d
1
 P
o
, and for Ca
6+
 the maximum discrepancy is 2% compared to the observed 
energies. 
 
4.2. Oscillator strengths 
 
Before the OP, relatively few accurate calculations were carried out for radiative atomic parameters 
of importance in astrophysics and laboratory plasmas. In the present work we obtain a large 
number of oscillator strengths, for dipole allowed transitions in LS coupling, for the four elements 
of the Si sequence. While table 3 shows the total number of oscillator strengths obtained for each 
ion, comparisons of present oscillator strengths with other calculated and the observed values are 
made in table 5. Both the length, fL, and the velocity, ƒv, forms of the oscillator strengths are 
presented. Agreement between the two forms is in general a measure of the accuracy of the 
wavefunctions of the initial and the final states. In the R-matrix calculations the wavefunctions in 
the asymptotic region, outside the R-matrix boundary, are better represented. Although the length 
and velocity formulations generally agree well (e.g. Yu and Seaton 1987, Luo et al 1988), the 
former are somewhat more reliable in terms of accuracy. The level of agreement between the two 
is usually a few per cent; for A
4+
 and Ca
6+
 the agreement is better than for Si
0
 and S
2+
. 
The present Si
0
 oscillator strengths are compared in table 5 with the six-state cc calculation 
of Mendoza and Zeippen (1988), and two sets of measured values (O'Brian and Lawler 1991, 
Becker et al 1980). The few ƒ-values computed by Mendoza and Zeippen compare reasonably 
well with our values. The present ƒ-values compare quite well in general with those of O'Brian and 
Lawler (1991) measured using the recently developed technique of laser induced flourescence 
(with the exception of a weak transition 3p
2
 
1
D-3p3d 1P
o
),usually within experimental 
uncertainties. Agreement of the present ƒ-values with Becker et al is also good except for the same 
weak transition. Present calculations for oscillator strengths for very weak transitions may not be 
very accurate. Iglesias and Rogers (1992) have carried out atomic structure calculations using a 
parametric potential which does not explicitly include electron correlation effects. 
 
Table 4: Comparison of calculated energies (cal) of bound states of Si
0
, S
2+
, Ar
4+
and 
Ca
6+
 (where the negative sign has been omitted for convenience) with the observed (obs) 
ones. The observed energies are from Martin and Zalubus (1983) and with a dot at the 
end from the compilation by Moore (1949) for Si
0
, from Johansson et al (1992) except 
5
S
o
 which is from Martin et al (1990) for S
2+
 from Kelly (1987) for A
4+
, and from Sugar 
and Corliss (1985) for Ca
6+
, All energies in Ryd. 
 
 
 
  
Table 5. Oscillator strengths or values for transitions in Si
0
, S
2+
, Ar
4+
 and Ca
6+
 ƒL and ƒv are the 
calculated oscillator strengths in length and velocity forms respectively. MZ, Mendoza and Zeippen 
198S; IR, Iglesias and Rogers (1992); HH, Ho and Henry (1987); EB, Biemont (1986) 
 
 
 
 
 
 
  
Table 5. (continued) 
 
 
Their oscillator strengths from the ground configuration agree with the present results, but 
significant differences are found for other transitions, especially for the 3p4p-3p4d transitions 
where differences range from 40% to up to an order of magnitude. 
The calculated S
2+
 oscillator strengths show a better agreement between the length and 
velocity forms, except for the weak transition 3p
2
 
1
S-3s3p
3 1
P
o
, than the atomic structure 
calculations by Ho and Henry (1987). The present ƒ-values differ significantly from those of Ho 
and Henry for the transition 3p
2
 
3
P-3p3d 
3
P
o
 and 
1
D-
1
D
o
 transitions. Comparisons are also made 
with available experimental values using the beam-foil technique. The present values are 
somewhat higher than those measured by Berry et al (1970). Agreement of the present calculated 
ƒ-values is reasonably good with those of Livingston et al (1976) and Ryan et al (1989) except for 
the transition 3p
2
 
3
P-3p3d 
3
D°. The measured value for a single transition by Irwin et al (1973) lies 
much higher than the present value, as well as that by Berry et al. 
Oscillator strengths for some transitions of A
4+
 are presented in table 5. Only one published 
measured value has been found. The present oscillator strengths appear to be the first calculated 
values. The single measured transition (Irwin et al 1973) by the beam-foil technique agrees well 
the calculated value.  The present ƒ-values should be of good accuracy since the difference 
between the length and velocity forms is found to be very small. 
Some oscillator strengths of Ca
6+
 are presented in table 5 and compared with the atomic 
structure calculations by Biemont (1986), who included some relativistic effects. The parameters 
in his model were adjusted to reproduce the observed energy values. Our results agree well with 
those listed by Biemont. The present ƒL and ƒv values also agree with each other to about 5%. 
 
4.3. Total and partial photoionization cross sections 
 
Detailed photoionization cross sections which include autoionizing resonances through 
interchannel couplings are calculated for all calculated bound states of Si
0
, S
2+
, Ar
4+
and Ca
6+
 as 
quoted in table 3. The Rydberg series of autoionizing resonances arise from the (N + l)-electron 
quasi-bound states of the type (StLtπt)nl where StLtπt are the various states of the target ion included 
in the cc expansion. 
Illustrative results are presented for some of the important states, in particular the ground 
and the metastable states: 
3
P, 
1
D and 
1
S. In addition, we describe in detail two other significant 
features of the present calculations; (i) partial photoionization cross sections, with the residual ion 
in an excited state, and (ii) an important type of resonances known as photoexcitation-of-core 
(PEC) resonances, first discussed by Yu and Seaton (1987), that manifest themselves strongly in the 
photoionization of excited bound states in a Rydberg series. 
 
4.3.1. Total cross sections. The total photoionization cross sections for the ground state of Si-like 
ions are presented in figure 1. The threshold photoionization cross section, σ0, for the ground state 
3
P of each ion is given in table 3.σ0 for Si
0
 shows a large value compared with the other three ions 
indicating a strong resonance at the threshold. The presence of a large and wide resonance 
spanning more than an order of magnitude in the 
3
P photoionization cross section can be observed 
from the detailed plots in figure 1(a). The same resonance at the threshold is observed in the work 
by Mendoza and Zeippen (1988). The bottom panels of figures 1(6), (c) and (d) show similar plots 
of the 
3
P ground state of the other three elements. All cross sections show extensive resonance 
structures throughout the range of energies from the ionization threshold up to the highest target 
threshold considered. These resonances form from the bound channel states and autoionizing 
states of Rydberg series belonging to the target states and enhance the background cross sections 
significantly. The Rydberg nature of the resonances is evident from the patterns that are seen to 
converge on to the various target states; the most easily discernable is the first excited state 
4
P of 
the residual ion. 
 
In the ground state photoionization cross sections in the lowest panels of figure 1, the 
circles correspond to cross sections calculated in the central field approximation (Reilman and 
Manson 1979). For neutral silicon, the central field approximation underestimates the background 
cross sections significantly, by about a factor of two and a half near threshold to a factor of four at 
higher energy. For S
2+
,it overestimates the threshold cross sections by 50% and falls by about a 
factor of two in the high energy region. The comparison for Ar
4+ 
in figure 1(c) may be difficult 
because the first circle corresponds to their near threshold cross section as tabulated, not at a higher 
photoelectron energy. This cross section in the central field approximation is about 
  
 
Figure 1. Photoionization cross sections of ground 
3
P and metastable states of the ground 
configuration 3s
2
3p
2
 of (a) Si
0
, (6) S
2+
, (c) Ar 
4+
 (d) Ca
6+
. 
 
 
 
 
 
twenty times lower from the present calculations. Their cross sections rise at higher energy but 
stay about 40% below the average background cross sections of the present work. The central field 
approximation agrees well with our R- matrix results only for Ca
6+
 the most highly charged ion 
considered in the present work. 
Unlike the central field approximation, which does not take into account channel 
couplings, a simple Z-dependent variation for Ca 
6+
of the elements of the Si sequence cannot be 
obtained because of the enhancement and variations in the background cross sections at and near 
threshold region by the autoionizing resonances. The same is true of many other detailed close 
coupling calculations of photoionization which include auto ionization effects (e.g. the carbon 
sequence (Nahar and Pradhan 1991)).This is discussed further later. 
The upper two panels of figure 1 show the total photoionization cross sections of the 
metastable states 
1
D and 
1
S dominated by the ground configuration 3s
2
3p
2
 of Si
0
, S
2+
, Ar
4+
 and 
Ca
6+
. Metastable states are of considerable practical importance since they are unable to decay to 
the ground state via dipole transitions and consequently have long lifetimes. A significant fraction 
of the level population in experimental beams or laboratory or astrophysical plasmas may be 
present in metastable states. For Si
0
, each state of the ground configuration shows the presence of a 
large resonance near the threshold in figure 1(a). Si
0
 cross sections behave differently from the 
other three ions in terms of the large cross section near the threshold and in the background 
variations for all three lowest states. In the case of S
2+ 
Ar
4+
 and Ca
6+
 the resonance structures in the 
states dominated by the ground configuration are different for each ton though the average 
magnitude of the background cross sections of the metastable states remains in the same range as 
that for the 
3
P ground state. 
 
4.3.2. Partial photoionization cross sections. Partial photoionization cross section of atoms and 
ions into various excited states of the residual ion are important astrophysically for the 
determination of level populations in these states under conditions of non-LTE. Partial 
photoionization cross sections of the 3s
2
3p
2
 
3
P ground state of Si
0
,S
2+
, Ar
4+
 and Ca
6+
, leaving the 
residual ion in the ground and various excited states (as given in table 1), are obtained and 
presented in figures 2(a)~(d). The bottom panels show the total, that is the sum of the partial cross 
sections, while the upper panels correspond to partial photoionization cross sections leaving the 
residual ion in various excited states, as specified in each panel in figure 2. For Ca
6+
 the upper two 
panels specify more than one target state which means that those panels correspond to the 
combined cross sections for those states. The reason for this is that these target states lie very close 
to each other and have been treated as degenerate. In these figures arrows point to the threshold 
energies of the target states with respect to the ground level. Slight differences in the resolution 
and resonance positions in photoionization cross sections for the 
3
P ground state of Si
0
 and S
2+
 can 
be noticed in the bottom panels of figures 1 and 2. These are due to the use of calculated target 
energies in figure 1, and observed target energies for the partial photoionization cross sections; the 
two sets of energies are, as pointed out earlier with table 1, very close to each other. 
From figure 2 it can be seen that the photoionization into the 
2
P
o
 ground state of the residual ion 
dominates the process and the other partial cross sections contribute relatively small amounts to 
the total background. The important feature to be noticed is the extensive autoionizing resonance 
structure in most of the partial cross sections, often at or in the near threshold region. Each 
resonance may correspond to a high probability for a line formation at a given frequency. 
Determination of the branching ratios of these partial cross sections at ionization thresholds may 
not be obtained accurately because of the resonances (see Nahar and Pradhan 1992). 
  
 
 
 
 
Figure 2. (a) Partial photoionization cross sections of 3s
2
3p2 
3
P ground state of Si
0
. The 
bottom panel shows the total cross section and the upper panels partial cross sections 
leaving the residual Si
+
 in particular core states as specified in the panels. The arrows point 
at the threshold cross sections. The upper limit of the panels are not specified except for the 
top panel. (b) Same as figure (a) except for S
2+
. (c) Same as (a) except for Ar
4+
. (d) Same as 
(a) except for Ca
6+.
 
 
 
 
  
 
4.3.3. z dependence. As shown in table 3, for the Si sequence ions there appears to be no systematic 
trend in threshold cross sections, σ0, with ion charge z = Z - N, as usually obtained in simpler 
approximations such as the central field approximation. Figure 3 shows z-scaled photoionization 
cross sections of the 
3
P ground state of the four Si-like ions. The slight differences in the resolution 
and the resonance positions of ground state photoionization cross sections of Si
0
 and S
2+
 between 
figures 1 and 3 are due to the use of calculated and observed target energies, as explained in the 
above section for partial photoionization. The purpose of figure 3 is to examine an overall z 
dependence of the cross sections. It was found by Nahar and Pradhan (1992) for the carbon 
sequence ions that even though no generally precise z dependence can be obtained for individual 
cross sections, the background on the whole did show some z dependence for the different 
elements of the C-isoelectronic sequence, especially for the more highly charged members. 
For the Si-sequence ions although we find no discernible z dependence for Si
0
 and S
2+
, for 
Ar
4+
 and Ca
6+
 the value of lg[z
2σPI] is about 1.4 for both ions, indicative of a similar charge 
dependence of the background cross sections for all other higher members of the sequence (as in 
Nahar and Pradhan 1992). For S
2+
, the value of lg[z
2σPI] is about 0.8, while for Si
0
 an average 
background value cannot be obtained due to the presence of large resonance structures. 
 
 
Figure 3. z-scaled photoionization cross sections of Si like ions: Si
0
, S
2+
, Ar
4+
 and 
Ca
6+
. The energy axis in each panel is scaled by the ionization energy of the 
corresponding ion and the energy range goes from 1.0 to the value printed on the 
bottom right of each panel. The upper limit of the panels is not specified for the top 
panel. 
 
 
  
Si
0
 is a complex neutral system with a number of electrons and the correlation effects are more 
involved than in the other members of the sequence. It might be emphasized that while the 
resonances appear narrower for highly charged ions due to the energy scale that increases as z
2
 the 
autoionization rates themselves are independent of ion charge and therefore the relative 
importance of resonances in photoionization cross sections persists even for the higher members of 
an isoelectronic sequence. This fact may be important in practical applications where the photon 
frequency dependence in a given energy region needs to be considered, usually in the near 
threshold region. 
 
4.3.4. Photoionization of excited states. Photoionization of excited bound states with n ≤ 10 and l ≤ 
5 for the active electrons is considered. The number of bound states Nbnd in table 3 corresponds to 
the total number of states for which photoionization cross sections have been calculated. These 
results have been used in the calculation of stellar opacities and are also being utilized in the 
calculation of total electron-ion recombination rate coefficients, as discussed by Nahar and 
Pradhan (1991, 1992). 
There are two prominent features exhibited by the detailed excited state photoionization 
cross sections. First, all the excited states show the presence of a large number of autoionizing 
resonances (e.g. metastable states in figure 1) and consequently no smooth fitting procedure can be 
formulated. Most of the Rydberg excited states, in addition to narrow resonances, show large wide 
resonances known as PEC (photoexcitation-of-core) resonances, at energies corresponding to 
strong dipole transitions in the core ion, usually from the ground state. The outer electron in the 
Rydberg state remains a ‘spectator’ as in the dielectronic recombination process, PECS are more 
prominent in highly excited states where the valence electron is far removed and is weakly coupled 
to the core states. Figure 4 shows the wide PEC resonances in the photoionization cross sections of 
3s
2
3pnd 
1
F
o
 series of excited states of Si
0
, n ranging from 4 to 11, corresponding to dipole allowed 
Si
+
 core transitions 3s
2
3p 
2
P
o → 
3s3p
2
 (
2
D, 
2
S, 
2
P), 3s
2
3d 
2
D, 3s
2
4s 
2
S. As we go up high in the 
excited nd series of states, PECS become more and more prominent, located at photon energies 
corresponding to the transition energy between the core states mentioned above. The series show a 
monotonic decrease of cross sections in the low energy region similar to cross sections calculated 
in the hydrogenic or central field approximation, but at higher energies the cross sections are 
considerably enhanced as PEC resonances begin to manifest themselfes. This appears to be one of 
the crucial differences between photoionization calculations in the cc approximation and the 
simpler approximations that provide only the background cross sections and are therefore likely to 
severely underestimate the effective cross sections. It can be noticed that the enhancement due to 
PEC resonances can be such that the effective cross sections at higher energies may even be greater 
than the cross section value at the first ionization threshold. 
The second important effect of interchannel coupling is that photoionization may occur 
through autoionizing channels at energies below the ionization threshold of the optical electron. 
Figure 5 shows the photoionization of the 3s3p
3 3
S° excited state of S
2+
 with energy range going up 
to the highest excited state considered in the cc expansion of target S
3+
. Figure 5(a) plots the total 
cross sections with positions of various target states shown by arrows and figure 5(b) shows an 
expanded version of the region between 
2
P
o
 and 
4
P. The threshold for ionization of the 3p optical 
electron of the 
3
S
o
 state corresponds to the residual or target ion 3s3p
2 4
P state. Therefore, 
excluding interchannel coupling would result in a zero cross section below this threshold. 
 
Figure 4. Photoionization cross sections of Rydberg series of states 3s
2
3pnd 
1
F
o
 , 4 ≤ n 
≤ 11, of Si0 illustrating the PEC resonances due to five dipole allowed core transitions: 
3s
J
3p
2
P
o → 3s3p2 (2D, 2S, 2P), 3s23d 2D, 3s24s 2S. The upper limit of the panels is not 
shown except for the top panel. 
 
On the other hand the effective cross section, although entirely due to autoionization, is quite large 
as it is dominated by large autoionizing resonances (figure 5). The resonances of the 
4
P np series 
are identified in figure 5. The wide 
4
P 5p resonance above the 
2
P
o
 ground state of S
3+
 shows a rise 
by several orders of magnitude. 
 
5. Conclusion 
 
Extensive close coupling calculations for the radiative data, energy levels, oscillator strengths and 
photoionization cross sections corresponding to a large number of bound states have been carried 
out for the four ions Si
0,
 S
2+
, Ar
4+
 and Ca
6+
 in the silicon sequence. Calculations for Fe
12+
 have 
been carried out by Mendoza (1992), also as part of the OP, and will be reported independently. 
Estimates of uncertainties in computed energies and ƒ-values can be inferred from detailed 
comparisons with the experimental values that are given. As there are very few measurements for 
photoionization cross sections, it is difficult to assess the uncertainties in general but we estimate 
these to be at the level of 10%, based on the accuracy of the energies and the ƒ-values. The 
calculated oscillator strengths and energy levels agree quite well with available measured values 
and previous calculations of high accuracy. Partial photoionization cross sections of the ground 
state of each ion are presented. The z-scaled behaviour of photoionization cross sections of the 
sequence is studied and found to have some 
 
Figure 5. Photoionization of the 3s3p
3
 
3
S° state of S
2+
. The top part shows the total cross 
sections up to the highest excited target state of S
3+
 where arrows point to positions of various 
target states. The bottom part shows the expanded region between 
2
P
o
 and 
4
P where 
photoionization proceeds through autoionizing channels only. The autoionizing resonances of 
the 
4
P np series are shown by arrows. 
 
uniform dependence for the background cross sections for Ar
4+
 and Ca
6+
. To our knowledge this 
work reports the first calculation of Ar
4+
 oscillator strengths and detailed photoionization cross 
sections of S
2+
, Ar
4+
 and Ca
7+
. 
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